Abstract Distance sampling (DS) and territory mapping (TM) are globally applied bird survey techniques. However, specifically designed studies comparing results of both methods in different habitats in the framework of a scientific experiment have rarely been conducted. To provide a more generalized guidance for the field surveyor, here we evaluated estimates of bird abundances and number of bird species in four different habitats (broad-leaved forest, coniferous forest, open woodland and farmland) in central Germany. Abundances were estimated in parallel by TM and DS in 2006 and, following standard protocols. Detection probability differed significantly among habitats and species. Density estimates by DS were in total 24% lower than those estimated by standardized TM. While the number of bird species detected with both methods was approximately the same, the estimated abundances of 15 bird species showed significant differences. Increasing the number from two to four and five registrations to count a territory by using TM decreased the density on average about 28 and 42%, respectively. Using standardized TM resulted in an overestimation of abundances of species showing a high detection probability. In contrast, DS estimated very high densities for species that had a very low detection probability. In fact, a highly negative correlation was found between the density estimated by DS and the detection probability. Using standardized TM and setting a fixed number of registrations before a location qualifies for a bird territory cannot compensate for the large differences in species detectability. Instead, the number of registrations required to count a territory should be adjusted to differences in detection probabilities and seasonal activity. From our results we can recommend a mean of four registrations if eight visits were conducted to count a territory. However, the lack of any statistically-based quality assessment reduces the serious usability of TM for estimating densities for science-based management application, whereas, the clear advantage of DS is that it provides error estimates and considers differences in species detectability.
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Introduction
Distance sampling (DS) and territory mapping (TM, or spot-mapping) are survey techniques for estimating bird abundance (Bibby et al. 2000; Buckland et al. 2001) . The TM method is based on counting territories of all species within a defined study plot. Locations of all birds, particularly singing males, are mapped on paper replicas of the plot during visits (usually eight or more) during the breeding season. Data for each visit are transcribed to species-specific sheets, and territory boundaries are identified for clustered multiple registrations at the end of the census.
The DS method is based on counting birds detected as heard or seen from a point or transect (Buckland et al. 2001) , and takes into account the fact that some birds are detectable at greater distances than others, that a species may be more easily detected in one habitat than another, and that detectability can change with time of day. Therefore, for each bird detected, the distance between observer and bird must be estimated accurately. A detection function is estimated from these distance data, and is then used to compute the probability of detection. Crucial to DS is the estimated detection function that compensates for the fact that detectability decreases with increasing distance from the observer. Studies have shown that DS delivers reliable results and is efficient for sampling large areas (Norvell et al. 2003; Somershoe et al. 2006; Newson et al. 2008; Ronconi and Burger 2009) . To create detection functions for each bird species, a minimum number of observations in each main habitat is required. Alternatively, detection probability functions of biologically similar species can sometimes be used (Buckland et al. 2008) . However, the assumption of a similar, constant and transferable detection probability can be difficult, especially for rare species and when survey conditions vary. Experience shows that detection is highly dynamic and can vary with time of day, between seasons, years and other factors (Norvell et al. 2003; Robbins 1981) .
TM attempts to account for imperfect detection by using a fixed ratio of registrations of a species to the number of effective visits for that species. This ratio, usually similar for all species, is used to decide whether a territory will be assigned for counting. Bibby et al. (2000) recommended at least two registrations for a species if there were eight or fewer visits, and at least three registrations when there are nine or more visits. This rule corresponds to a fixed detection rate of around 0.25-0.33. Despite the inability to assess this rule or its validity in a scientific way, using a constant number in that range will result in uncertainties if used for estimating abundances for a whole study area. Furthermore, territories of birds can be highly dynamic within the season (Knapton and Krebs 1974; Finck 1990; Pasinelli 2000) , making the territory a questionable metric for abundance estimation. One assumed strength of TM is that it provides finer spatial detail and, therefore, can be better used to depict the spatial distribution pattern of birds in an area and, additionally, can be correlated with habitat distribution. Therefore, it is often applied in environmental assessment studies because areas important to birds can be identified.
Despite the popularity of both methods, few investigators have compared the actual results of bird abundance estimation using DS and TM in the same study area. Such studies are very helpful for assessing and interpreting the accuracy and possible biases of each method. To our knowledge, the only studies where birds were estimated by both DS and TM by using a standardized approach and the two methods compared were those of Gillings et al. (1998) , Raman (2003) and Buckland (2006) . The results of these studies did not show a clear pattern, Buckland (2006) and Gillings et al. (1998) estimated for three species a lower, for three other species a higher, and for two species a similar density using TM compared to DS. Raman (2003) estimated a higher density using TM compared to DS for 2 out of 13 species in a tropical rainforest. Although Bibby et al. (2000) has shown that territory maps are not easy to analyze and can be interpreted differently, depending for instance on the number of registrations used to set a territory (Gerß 1984) , none of these studies reported how territories were detected, and with the exception of Gillings et al. (1998) the minimum number of registrations used to set a territory was not reported. None of the studies comparing DS and TM analyzed the influence of the minimum number of registrations on the estimated densities. However, this number is important as it indirectly reports the assumed detection rate, which is crucial to reduce over-or underestimation of species density. Further, detection rates differ between habitats (Buckland et al. 2001; Pacifici et al. 2008) , but none of the previous studies have compared the densities estimated in different habitats and using both TM and DS. Therefore, we used a standardized sampling design and conducted a field study in four different habitats which were selected for their differences in vegetation structure (Fig. 1) . Our objective was to provide guidance to the field surveyor. Therefore, we determined if (1) the strength of differences between the results of both methods are habitat specific, (2) the number of registrations used to set a territory influence densities estimated by TM, and (3) the differences in species detectability affect estimates of species densities by TM and DS, respectively. To do so, abundances and number of bird species were estimated by both methods.
We decided not to set one method as a benchmark a priori (e.g., Buckland 2006; DeSante 1986; Gale et al. 2009 ), as we do not assume that one of the methods provides greater precision per se. Further, intensive bird census techniques used in other studies (Casagrande and Beissinger 1997; DeSante 1986; Tarvin et al. 1998 ) like color-banding or nest-finding do not guarantee that individuals can be found or caught with equal ease, and it is very difficult to be confident that all individuals have been found (Bibby et al. 2000) . Additionally, these techniques are likely to result in an unacceptable level of disturbance to birds.
Methods
All study sites were located in the Hoherodskopf, located 60 km northeast of Frankfurt am Main in Hessen, central Germany (50°51 0 N, 9°21 0 E). One study site was located in each of four habitats: beech forest (Fagus sylvatica), coniferous forest, open woodland, and farmland. Study sites where TM was conducted were limited to 25 ha to avoid census times exceeding the morning peak of bird activity. To reduce possible edge effects, the shapes of the study sites were chosen for compactness.
The beech forest study site was located on the northeastern slope of the Hoherodskopf (710-760 m) and consisted mainly (86%) of 50-year-old beech trees. Small patches of older beech trees were present, along with maple trees (Acer pseudoplatanus and A. platanoides) and common spruce (Picea abies). The coniferous forest was located in the southern slope of the Hoherodskopf sunrise and finished between 0800 and 1100 hours (mean = 0937). Two of the eight visits were in the evening to better sample species less active in the early morning, e.g., raptors and owls. All surveys were conducted by the same observer. To obtain comparable conditions and data, DS and TM were conducted on the same day; the second method was started after the first was completed. The order in which each method was used first was alternated. Before the field work was started, a route was established on a map that approached within 50 m of every point on the plot. In open woodland and farmland, where visibility was higher, this distance was set to a maximum of 100 m. Although we are aware that the first day survey (TM or DS) could influence both the observer (because of a priori knowledge from the first survey) and the birds (because of disturbances by the first survey), during the second survey of this day we considered these points with possible day-to-day differences in weather conditions (Bibby et al. 2000) if the census would have been conducted on two different days and differences in observer's perception (Diefenbach et al. 2003) if the census would have been conducted from two or more observers. Following Bibby et al. (2000) for TM, the locations of all birds present in the plot were mapped on different days, and a territory was defined if at least two registrations were made of a bird singing or exhibiting breeding behavior (nest with eggs, young birds, or adults carrying nest material or food). Henceforth, we call this the 'standardized TM' approach. To analyze the effect of the minimum number of registrations used to count a territory, the number of registrations used to set a territory was increased from two to five. Assuming that each territory was occupied by a pair, the number of territories was equivalent to the number of breeding pairs in the plot.
DS was conducted using point counts where all birds heard or exhibiting breeding behavior within 5 min were mapped. We decided to use 5 min instead of 10 min as it reduces the chance of double counts and is widely used. Distance to each bird detected was estimated to the nearest 10-m interval using binoculars (8956) that included a laser range finder. Sampling points were placed within the study sites where TM was conducted, and spaced at least 200 m apart to reduce spatial autocorrelation. Without overlap, six sampling points could be placed within each 25-ha study plot. All were marked for easy relocation on later visits.
All point-count data were analyzed using the program DISTANCE (version 5.0, Thomas et al. 2009 ). We truncated point-count distances at 150 m. Therefore, an area of 42.4 ha in each habitat was analyzed. Detections for all visits were pooled for each of the four study sites. The survey effort parameter was set to eight based on the number of visits to each site. However, following Südbeck et al. (2005) , the survey effort parameter was set to seven for two migrant species (Tree Pipits, and Eurasian Blackcaps; scientific names are given in Table 1 , below) and, for Common Whitethroats, to six due to their later arrival on their breeding grounds. Abundance estimates of species showing a coefficient of variation (CV) higher than 40% were not analyzed. In our study, at least 20 registrations were needed for the CV to fall below this value. We did not pool data across habitats to facilitate comparisons of detection probabilities across individual habitats. An average of 66 detections per species of singing birds was used to analyze bird data with DISTANCE. For some species, the number of detections was lower than the 60 recommended by Buckland et al. (2001) , but reliable detection curves could still be fitted. According to the methodology and definition of both census methods used, the output of TM are territories and that of DS are birds. However, in fact in both methods singing birds, or birds showing clues of breeding behavior, were counted.
To examine how density is related to detectability, correlations between abundance values and the effective detection radius (EDR) were analyzed using Spearman rank order correlations. EDR represents the distance from the observer where the number of birds missed equals the number of birds observed farther away (Gates 1979) . EDR and its coefficient of variation for each species were calculated using the program DISTANCE. Densities determined for the two methods were compared using the Wilcoxon matched pairs test. To identify possible differences in detection probability among habitats, we used oneway ANOVA. All statistical analyses were conducted using the Statistica 7.1 software package (StatSoft, Tulsa, OK, USA).
Results
We detected 58 species with DS and 60 with TM. The small differences in number of species detected were caused by the varying number of non-breeding birds (overflying birds or migrants). Eight and six of these nonbreeding species were found using TM and DS, respectively. Most bird species were found in half-open woodland (39 species using DS and 38 using TM) and farmland (31 species using DS and 39 using TM), and lowest species diversity was observed in beech and coniferous forest (30 and 28 species using DS, and 31 and 33 using TM, respectively). Thus, the number of bird species counted by DS and TM showed the highest difference in farmland. This difference is mainly caused by a relatively higher number of non-breeding birds species counted using TM (6 species) than using DS (2 species). In other habitats, the same number of bird species or none non-breeding birds were recorded using TM and DS.
We calculated abundances for 15 of these species (species with CV below 40%) and compared all together 22 density values from the four habitats (Table 1) . Densities estimated by DS were significantly lower (in total by 24%) than those estimated by the standardized TM approach (Wilcoxon Matched Pair Test, n = 22, z = 2.68, P = 0.013). Abundances estimated from the standardized TM approach were up to 3.9 times higher (mean = 1.3) than those derived from DS. Only Chaffinches in beech forest and Firecrests and Goldcrests in coniferous forest showed significantly higher abundances using DS. The strength of differences between the estimated densities varied between habitats. On average differences increased by 1.0 territories/10 ha in farmland, 2.0 territories/10 ha in beech forest, 2.8 territories/10 ha in open woodland and 5.5 territories/10 ha in coniferous forest. Highest differences with more than four territories/10 ha were estimated solely for species found in coniferous forest (Robin, Common Wood Pigeon, Common Chaffinch, Winter Wren, Common Blackbird, Firecrest and Goldcrest).
Densities of all bird species decreased with an increasing number of registrations used to count a territory. The mean density of the 15 bird species analyzed decreased about 34% from 8.8 territories/10 ha using two registrations to 5.1 territories/10 ha using five registrations. The number of registrations was negatively correlated with density (r s = -0.39, P = 0.000229) estimated by TM. Densities based on two and three registrations differed significantly from those estimated by DS (Wilcoxon Matched Pair Test, n = 22, z = 2.68, P = 0.013 and n = 22, z = 2.19, P = 0.028).
Detection probabilities differed among habitats (oneway ANOVA, F 3,19 = 3.6, P = 0.032) and species (Fig. 1) . Lowest EDR was generally found in beech forest (mean = 79 m, range = 71-110 m, n = 7) followed by coniferous forest (mean = 87 m, range = 29-132 m, n = 10), farmland (mean = 100 m, range = 94-106 m, n = 3) and open woodland (mean of 137 m, range = 124-150 m, n = 3). Detection probability decreased from more loud and conspicuous species (e.g., Tree Pipit, EDR = 150 m and Common Chaffinch, EDR = 138 m) to the more elusive species in the study plots (e.g., Goldcrest EDR = 34 m and Firecrest EDR = 29 m) ( Table 1) . A negative correlation was identified between the density estimated by DS and the detection probability (EDR) (Spearman Rank Correlation: -0.66, P = 0.000853) (Fig. 2) . All densities estimated by TM regardless the number of registrations used to count a territory did not correlate with the EDR.
The time required to conduct the bird survey varied between habitat and survey techniques (Table 2 ). Using TM, most time was spent in the coniferous forest, followed by beech forest, farmland, and open woodland. DS was the more efficient method: almost twice as much time was required to conduct the bird census using the TM method.
Discussion
We found that the number of species detected was similar using DS and TM. Generally, the number of species detected was related mostly to habitat, the study area size (TM: 25 ha and DS: 42.4 ha), survey effort (TM: 137 min and DS: 70 min at mean), and the detection probability of each species (Fig. 1) . Although the time spent on each study site was higher using TM and would allow more opportunity to detect bird species, the area surveyed using DS was larger and therefore potentially inhabited by a larger number of bird species.
The strength of difference between the estimated abundances of both methods was related to habitat. Largest differences between both results were found in coniferous forest and were lowest in farmland. This suggests that estimated densities from habitats like the coniferous forest where bird species show a low EDR are more sensitive to methods which take the detection probability into consideration.
One reason for the higher density estimates obtained in our study by the standardized TM approach when compared to DS was the static number of registrations. For our standardized TM approach, we followed Bibby et al. (2000) who recommended at least two registrations if there were eight visits to the study area. This number essentially assumes a detection probability of 25% for all bird species and thus ignores crucial and dynamic differences in the detection probability between species. Densities estimated by TM based on four and five registrations (detection probability of 50-62.5%) were lower and did not significantly differ from those estimated by DS. These results confirm the findings of Gerß (1984) who has shown in an experiment using an automated approach to demarcate territories that the number of territories is largely affected by the minimum number of observations used to count a territory. The minimum number of territories used in TM also explains the differences between our results and those of Gillings et al. (1998) . They compared bird density estimates using TM and DS in the UK, and conducted four visits and counted one territory if at least two registrations were made using TM and 0.5 territories if one registration was conducted. The chance to detect a bird during four visits was lower than in our study and, thus, fewer birds were registered by using TM. Consequently, these densities were more similar to the lower densities estimated by DS. This example emphasizes that detected differences have to be analysed exactly by how territories have been estimated using TM. The reasons in our study for the differences found between the four densities estimated by TM using a different minimum number of bird registrations are related to (1) edge clusters, when territories overlap the plot boundary (Bibby et al. 2000) , and (2) the assumed minimum Euclidian distance at which an observation will be included to a territory (Scheffer 1987) . Following Dornbusch et al. (1968) , we counted a territory as a half if more than 50% of the observations of an edge cluster were inside the plot. Thus, and confirming the finding of Gerß (1984) , the reduction of the minimum number of registrations increases the chance that such a territory can be counted in. The second reason is related to the minimum distance at which an observation was assumed to belong to a territory. When increasing the minimum number of registrations used to count a territory, an increasing number of registrations of greater distance from each other are used to set the territory. To minimize those effects and to reduce observer variation, which is common when TM results were analyzed (Best 1975; Svensson 1974) , an automated territory clustering approach is helpful (Gerß 1984; Scheffer 1987) especially when combined with a GIS (Witham and Kimball 1996) . Such an approach can help to standardize and automate territory interpretation and to find the ''correct'' number of territories. Therefore, it should incorporate species-specific standards, e.g., minimum number of registrations to count a territory and maximum distance between registrations at which they will be used to set a territory. However, these standards cannot diminish drawbacks that arise from ignoring differences between species detection probabilities. As shown in our study, the detection probability differs between species. This suggests that using TM and simply setting a fixed number of registrations for a species until it qualifies for a territory cannot compensate for the huge differences in species detectability. It is not clear to us where this static number of registrations used for TM has its primary and scientific origin, and what its underlying logic, data and tests are. Compared to this static value, DS instead estimates empirically a more realistic correction factor, based on the true survey circumstances of each actual detection event (Buckland et al. 2001) .
The unexpected significantly high negative correlation between detection probabilities and densities estimated by DS suggests that DS may overestimate quiet or cryptic species, especially if patchily distributed, relative to large and conspicuous species. This could be for the reason that DS assumes a uniform distribution within one habitat for a given study area (Buckland et al. 2001) . If a high number of birds were counted at small distance, an overestimation of the abundance of these species by DS might be possible, especially if species occur in clusters or when density varies throughout the study area. To reduce the influence of this biased information on the distribution, the pattern of habitat characteristics can be used by modeling abundance covariate effects in DS models to reach reliable density estimates (Marques et al. 2007; Royle et al. 2004 ). Furthermore, to control for variation in detection probability, sampling points can be visited more frequently or placed at higher densities within areas where quiet or cryptic species might occur and vegetation structure varies (Buckland et al. 2004) . The DS software is helpful for designing appropriate survey strategies in such studies. In our study, significantly higher densities of Goldcrest and Firecrest were estimated using DS compared to TM. The detection probability curves for these species showed steeply declining curves and low effective detection radii. According to these curves, a detection probability of 0.5 for Goldcrest and Firecrest can be reached at a distance of 29 and 34 m, respectively. In practical terms, this means that every second individual would not be detected at these distances. As recommended in Bibby et al. (2000) , TM was conducted by an observer walking lines 50 m apart; resulting in 21-and 16-m survey gaps, respectively. However, to detect more individuals of species having a low detection probability, a closer line-spacing would be needed to reduce the number of missed birds. But even this increased sampling effort does not guarantee the registration of all individuals. Diefenbach et al. (2003) found that as many as 60% of the birds more than 50 m from the observer were missed. However, detection probability is known to be dynamic and differ by habitat (McShea and Rappole 1997; Schieck 1997) , with lowest detection probability in broad-leaved forests (Pacifici et al. 2008) .
Our results confirm these findings as they clearly showed significant differences in the probability to detect a species between the four habitats and the lowest EDR in beech forests. This finding has wider implications for bird surveys and monitoring to be taken into account, by choosing the correct distance between walking routes according to the EDR of that species that might be found in that habitat and which has the lowest detection probability. In our study, bird surveys conducted by DS were less time-intensive than TM. However, using our survey design (which was not specifically designed for rare birds, e.g., lacking many smaller transects or adjusted sampling, and therefore with no assurance of sufficient detections for patchily-distributed species), the amount of effort taken for DS was sufficient to calculate densities for only 15 out of 60 species detected. Additional reliable density estimates would be possible if more birds were detected of those species. However, these additional detections, especially of rarer bird species, would significantly increase survey effort and therefore clearly reduce efficiency of DS. To calculate the abundance of a bird species at least two registrations are required using TM, but at least 20 detections using DS. Barraclough (2000) stated that the greatest drawback of DS is the number of detections required. In an extreme case, if only a single pair of a less known bird species occurs in one study plot, it has to be recorded several times, e.g., through repeated visits to the survey location, before the precision of the abundance estimated by DS is adequate. If the bird species is not well known, then pooling the distance data across groups of species with a similar relationship between detectability and distance, as recommended by Buckland et al. (2008) , is not really possible. If confidence values are not needed, TM is more advantageous for roughly estimating density of rarer birds. But DS is known to be less efficient in relatively small study areas especially if densities of rarer birds must be sampled (Buckland et al. 2008) . However, if the species is rare, then both methods take more time; with TM, most sites will give 'zero', so lots of sites will be needed, and using 5-min point counts might be more efficient to detect rare species.
The absence of replication of our study in other landscapes might represent a limitation to the number of species analyzed and to general conclusions. However, our data showed significant differences between the two methods, suggesting that results are still sensitive to the method employed and demonstrating the need for recommendations on how survey techniques can be further optimized, and 'truth' is to be found. If an exact statistical estimation of the species' density is needed, careful use of DS is more convincing as it provides the coefficient of variation as well as the 95% confidence intervals for each calculated density. Such statistical values for bird survey data are fundamental for science-based and sustainable management (Walters 1986 ). Ideally 60 detections, or at least a robust detection curve for each species, should be used to obtain precise DS estimates (Buckland et al. 2001) . If this number of detections cannot be reached, and when the survey design cannot be adjusted to obtain a reliable detection curve, approximate or pooled data from other studies or similar species can be used to estimate a detection curve and to be used to estimate densities. Although those density values lack exact confidence values, for small study plots this presents a pragmatic use. On the one hand, a bird census using TM in habitats containing species of low perceptibility could be optimized by walking routes spaced less than 50 m apart which reduces the risk of missing elusive species. On the other hand, a higher survey effort increases the chance of double-counting for highly abundant and conspicuous birds. However, keeping TM flexible by adapting it to species-and site-specific requirements can be an important advantage of TM, and which distinguishes this method from other, more standardized methods. However, this makes the method less comprehensible and therefore less reliable especially for monitoring purposes as it is more driven by the observers' right assessment of local conditions.
The minimum number of registrations on which the identification of a species' territory will be based crucially determines the results of TM. From our results, we cannot recommend a minimum number of two or three registrations if eight effective visits of the study plot were conducted. Instead, the number of registrations required to count a territory should be adjusted to the species-specific detection probabilities. Based on the detection probabilities, we can recommend eight visits and a mean of four registrations to count a territory. However, if detection probabilities of each species are known a species-specific treatment would be more reliable. Generally, the missing confidence interval or any other statistically-based quality assessment largely reduces the serious usability of TM for estimating densities and for science-based management. discussion and support. Especially, we would like to thank M. Spiegel for conducting the fieldwork. E. Green, S. Oppel, G. Ritchison, and two anonymous reviewers kindly provided helpful comments on the manuscript. The study complies with the current laws of Germany.
